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Simulations of plasma dynamics in a fast capillary discharge are presented. The temporal dependence of the
plasma column’s resistance validates the one-dimensional model that was used in the numerical simulations.
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A plasma slab with well-defined and controlled param-
eters that permit guiding of a driving laser beam is a pre-
requisite for an efficient x-ray laser (XRL). It was dem-
onstrated during the past decade that a double-pulse or a
multipulse laser pumping technique efficiently reduces
pump energy requirements. A significant improvement
in XRL output was achieved when a pumping scheme that
combines a long (nanosecond) with a short (picosecond)
laser pulse was proposed1 and demonstrated.2 This
pumping method resulted in a high and short-lived (tran-
sient) inversion in collisionally pumped XRLs. Owing to
the separation of plasma ionization from the heating pro-
cess it became possible to synchronize the onset of excita-
tion with the optimum ionization state.3 Hence control
over plasma preparation before the heating phase
(plasma preforming) became a crucial component of the
transient scheme. Performance relies on preparation of
a plasma with a prescribed ionization stage and density.
The preplasma temperature is not critical. Plasma pre-
forming for a germanium Ne-like x-ray laser in a slab tar-
get geometry was comprehensively investigated numeri-
cally in Ref. 4. As this slab target arrangement is
plagued by strong refraction on steep density gradients,
which results in reduction of the active medium’s effective
length, density gradient softening, for example by a
prepulse5,6 or a guiding7 technique, was proposed. Much
research was recently done on plasma guiding of high-
and ultrahigh-intensity laser pulses, i.e., on confining an
intense laser beam during propagation within an area of
limited cross section.8–11 However, application of this
technique to x-ray lasers was discussed relatively seldom.0740-3224/2003/010215-06$15.00 ©Plasma channels for efficient XRL pumping can be cre-
ated in a gas that is either confined in a limited volume of
a free space8 or fills a capillary channel.11 Such a chan-
nel can also be created by material ablation of a capillary
wall. The capillary discharge or a long laser pulse deliv-
ers the energy needed for ablation.10,12 All these meth-
ods lead to a concave radial electron density profile with
its minimum on the pump beam’s axis, which is a precon-
dition of the guiding effect.
In the present paper we concentrate on preforming
with a fast capillary discharge, specifically, on a modified
version of the process that was developed by Rocca12–15
for discharge-pumped collisional XRLs. This kind of fast
discharge gives a well-sustained, highly ionized plasma
that is particularly suitable as a preformed medium for
laser pumped collisional XRLs. Lasing at 60.8 nm (Ne-
like sulfur) has already been demonstrated16 in a hybrid
(electrically preformed and optically heated) x-ray laser in
a solid sulfur capillary. A gain coefficient of 4.6 cm21 was
measured for a 1-cm-long capillary, but longer capillaries
amplified the x-ray signal much less well. Gain coeffi-
cients of 1.2 and 1 cm21 were estimated for the second
and third 1-cm-long sections, respectively, of a 3-cm-long
capillary with a diameter of 0.5 mm. The total gain–
length product was 6.8, and the total pump energy was
;2.2 J (0.3–0.5 J in the laser pulse). Reduction of the di-
vergence of the emitted radiation with capillary length, to
2.5 mrad for a 3-cm capillary, has confirmed that lasing
was observed. A battery with capacity of 0.08 mF
charged to 4–8 kV gave a discharge peak current of 3–8
kA, depending on capillary dimensions.
This pumping scheme appeared to be technically com-2003 Optical Society of America
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XRL but was highly efficient. The pumping scheme’s ef-
ficiency, commonly expressed as a ratio of the gain–length
product to the total pump energy, was 3.1 J21, one of the
highest ever measured for collisionally pumped transient
x-ray lasers (typically gl 5 1 –2). Moreover, instead of
the preforming laser pulse energy, we took the total elec-
tric energy dissipated in the discharge to calculate this
parameter. Thus a considerable improvement in total ef-
ficiency could be expected.
The experiment confirmed that low energy is necessary
for preforming and exciting the active medium of a hybrid
XRL.17 However, the active medium’s length in such a
longitudinally pumped scheme could be limited by deple-
tion of the axial pump’s radiation as a result of absorption
dominated by an inverse bremsstrahlung (IB) mecha-
nism. The plasma has to be heated and ionized as uni-
formly as possible along the axis by the short laser pulse,
as any cold spot in the plasma would interfere with lasing
by increasing the absorption of the amplified radiation.
This problem is more general and will be encountered in
all collisional schemes in which the longitudinal pump ar-
rangement is applied. Another potential problem is
walk-off of the propagating pumping and emitted radia-
tion caused by gain-induced differences in the dispersion
for the amplified radiation. This problem has to be
treated more generally and is beyond the scope of this pa-
per.
The configuration with a density-guided pumping laser
pulse within a concave radial distribution of the plasma
has two apparent advantages. First, the traveling-wave
arrangement is implemented inherently and, second, re-
fraction is eliminated. Recently the plasma dynamics in
a discharge-ablated capillary driven by a short electric
pulse was analyzed both experimentally and theoret-
ically.14 Our results with respect to the plasma dynamics
are complementary to those presented there.
2. RESULTS
Plasma used as a preformed medium for a hybrid XRL
should fulfill, as mentioned above, two basic criteria.
First, it has to be ionized to the required stage, and sec-
ond, it has to possess a density distribution that is suit-
able for guiding the pump laser pulse. The former factor
is not critical because it is possible to improve the average
ionization stage during the heating phase by direct field
ionization of the lightly ionized ions interacting with an
intense main pumping pulse. The overionization that is
due to intensity that is higher than the threshold inten-
sity for the appearance of F- (Co-)like ions determines a
limit on the pump laser pulse’s intensity. These ioniza-
tion thresholds for S VII and Ti XIII are 6.9 3 1017 and
1.1 3 1019 W/cm2, respectively, and are far above the
usually applied pump intensities. An active medium
with nearly 100% of the species ionized to the required
stages could be achieved by moderate pump intensities
because the thresholds for appearance of Ne-like ions are
significantly lower (9.8 3 1015 and 2.4 3 1017 W/cm2 for
sulfur and titanium, respectively) than that for the next
ionization stage. We modeled the discharge in a sulfur
capillary under conditions that correspond to those in ef-fect when lasing was observed.16 We used the plasma re-
sistance measurement to validate the theoretical model,
as more-sophisticated methods were not available be-
cause of the compact design of the discharge unit and
the ensuing difficulties in gaining access to the plasma
channel.
A. Plasma Dynamics
The one-dimensional (1D) model described in detail in
Ref. 18 was used in the simulations. Three capillary di-
ameters (0.3, 0.5, and 1 mm) were considered, but length
was not specified in the 1D model. The experimentally
registered current waveform in a 20-mm-long sulfur cap-
illary was critically damped (no current oscillations were
observed), which suggested optimal coupling of the elec-
tric energy into the discharge. This waveform, with a
peak value of 3 kA and a total duration of 250 ns, was ap-
proximated by an empirical formula: I(t) @kA# 5 1.1
3 (t/20)exp@2t/240 2 (t/138)2#, where time is expressed
in nanoseconds. Both theoretical and experimental
shapes of the plasma resistance as well as the discharge
current are shown in Fig. 1. The experimental resistance
was estimated from the impedance measurement cor-
rected by the self-inductance estimates obtained in a
separate experiment. In this experiment the battery was
discharged through a silver wire of 0.5-mm diameter and
3-cm length (the so-called ideal conductor) that filled the
capillary channel. As we know the electric characteris-
tics of the silver and the frequency of the signal oscilla-
tions, it was possible to determine the resistance of the
wire. Constant self-inductance (in a zero-order approxi-
mation) during the whole discharge was assumed. Using
this information, we could extract the resistance of the
discharge plasma from the impedance measurements. It
can be seen from Fig. 1 that only the initial and high cur-
rent phases of the discharge resistance are reproduced
with good accuracy by the model. The split between
these phases increases with time and begins shortly after
the peak of the current discharge. The calculated resis-
tance for the sulfur capillary is 1.35 V at the current
peak, and the measured value is 1.3 V. These values
agree very well with the result of 1.3 V that we obtained
by applying the formulas given in Ref. 19.
We used the same formulas to estimate the discharge
circuit’s inductance, and the resultant value of 0.1 mH de-
viates from the experimental value of 0.04 mH. Some
possible reasons for that deviation are given in what fol-
Fig. 1. Time history of the discharge circuit’s resistance for a
sulfur capillary of 20-mm length.
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primarily by the plasma’s temperature and only slightly
by the plasma’s density. The impedance measured is an
averaged one and is determined by the hotter part of the
plasma because of the parallel connection (analogous to
an electric circuit) of various plasma regions. We did not
observe any fast change in the resistance during nearly
the whole high-current period. The biggest deviation
from the theoretical value observed within the time gap of
120 ns, which is interesting from the point of view of guid-
ance, was 0.15 V. A stronger deviation from the experi-
mental shape that appeared after 150 ns and increased
with time could be caused by the simplified equation of
state that was used. This equation of state does not in-
clude the influence of ablation on the capillary geometry.
More-sophisticated equations of state that include ther-
modynamic properties of the material make the simula-
tions extremely time consuming. Another plausible ex-
planation for the difference between the theory and
experiment is the influence of the plasma outflow effect,
which is not included in the 1-D model but could be no-
ticeable at the end of the discharge. Such an explanation
could be validated by the measurement of resistance of Ti
capillaries with different lengths but the same discharge
current. A shorter capillary (5 mm) showed, at the end of
the discharge, a rate of the impedance increase of more
than twice that for the longer capillary (10 mm). Satis-
factory agreement between theory and experiment for
sulfur during the first 150 ns implies that our model used
in the simulations is fairly well justified. The discharge
current’s waveform depends strongly on capillary imped-
ance that is determined, at given applied voltage, by the
capillary material and the aspect ratio of the channel.
However, any noticeable changes in the discharge resis-
tivities were observed much later than the cutoff moment
and were unimportant in the hybrid XRL scheme.
Figure 2 shows theoretical concave electron density
profiles with the minimum on the axis that ensures guid-
ing of the pump laser beam. The density on axis in-
creases markedly with decreasing capillary diameter.
The density value of 1018 cm23 on axis for a 1-mm-
diameter capillary could explain the failure of our at-
tempt to observe lasing from such a capillary. This den-
sity level is too low to ensure efficient heating of the
electrons, which are heated predominantly by the IB ab-
sorption mechanism. The electron temperature of 120 eV
estimated in the numerical simulation is too low to over-
come the energy gap of 192 eV between the ground state
Fig. 2. Radial electron density distributions in the capillaries
with diameters of 0.5 and 1.0 mm at the optimal moments for
lasing.and the upper laser levels in the medium. The plasma
density in the capillary with a halved diameter is 1 order
of magnitude greater, i.e., 1.2 3 1019 cm23. The electron
temperature increases because of the increased absorp-
tion to above 200 eV.
A qualitatively estimated experimental shape of the
density profile is shown in Fig. 3. Having assumed pro-
portionality between the emission in the visible range of
the spectrum and the local ion density, we were able to ob-
tain a time-resolved radial density emission profile by im-
aging the plasma emission at the capillary’s output onto
the streak camera’s slit. A well-defined concave density
profile was obtained at a time (29 ns after the current
peak) that corresponded to the optimal guiding conditions
that were found 35 ns after the current peak. The value
of 35 ns was estimated from the shots accompanied by
lasing.16 The plasma emission image shown in Fig. 3
gives only a qualitative picture, as the emission of other
deeper channel areas contributed to the background ra-
diation and in this way decreased the dip in the emission
profile registered.
The temporal behavior of the electron temperature dif-
fers only slightly quantitatively from that presented in
Ref. 14. This small difference is understandable, as dif-
ferent capillaries with different discharge parameters
were modeled. Additionally, different descriptions of the
cooling mechanisms were implemented in the two models.
As a cooling model we applied a classic picture described
by a generalized form of Braginskii’s equations,20 and in-
hibition of thermal conduction with an arbitrarily chosen
value f of the inhibition factor was assumed in Ref. 14.
That value could cause the dominance of radiative effects.
We assume that the temperature gradients are moderate,
and the following validation condition for the classic
model, le ! lT , i.e., that the mean free-electron path is
much smaller than the scale length of the temperature
gradient, is not violated. Our results also suggest that
the plasma pipe in a 0.5-mm-diameter capillary is com-
plete after ;50 ns and that a well-formed channel is al-
ready present 20 ns after onset of the current (Fig. 4). It
has to be stressed here that any 1D model and the follow-
ing conclusions are invalid for times shorter than ;10 ns.
This fact is related to the irregular plasma behavior at
the beginning of the capillary discharge. Individual
stripes (channels) have been observed experimentally13,14
directly after the breakdown, and this phase of the dis-
charge development can be correctly modeled only by a
three-dimensional model. The simulations of the plasma
dynamics performed for the sulfur capillary also confirm
the reduction in axial current. We suspect that less than
Fig. 3. Measured radial profile of the discharge emission in the
visible spectral range 29 ns after the current’s peak.
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closed in a cylinder with a diameter of 50 mm. This as-
sumption implies that the plasma in the vicinity of the
capillary axis is barely magnetized and as a consequence
is resistant to magnetohydrodynamic instabilities. Thus
hydrodynamics is the dominant mechanism for plasma
dynamics in axial proximity.
B. Pump Laser Absorption
Propagation of the pump radiation and the resultant ex-
citation of the medium in the plasma channel require op-
timal coupling of the beam energy into the plasma pipe.
We have estimated from the numerical results, using the
formula rL 5 (rch /preDn)
1/4 given in Ref. 9, that the op-
timum diameter of a Gaussian beam is ;40 mm. Here rL
is the laser spot radius, re is the classic electron radius,
and rch together with Dn determines the plasma’s density
profile in the channel @n(r) 5 n0 1 Dnr
2/rch
2#. It
should be noted that the lasing effect was observed with a
much broader pumping beam (d 5 170 mm) as a result of
technological constraints. These constraints also caused
the transmission of the total pump laser beam at the op-
timal timing to be very low (a few percent).17 The effect
of heating by IB absorption is estimated with analytical
formulas derived by Pert.21 The results are valid only for
the vicinity of the axis, as no dependence on the laser
beam profile is included. One could conclude from the
curves shown that pulses with higher intensity are more
beneficial for plasma heating (Fig. 5). However, longer
pulses (of the order of picoseconds) are preferred because
they facilitate energy transfer by collisions. A balance
between the two kinds of pulse has to be found, as stron-
ger absorption in the case of longer pulses shortens the
length of efficient interaction. As a consequence the in-
crease in intensity has to be achieved rather by the laser
beam’s being more tightly focused than by pulse shorten-
ing. Thus the requirements for efficient coupling of the
pump energy to the plasma channel mentioned above are
well satisfied, and finally we can infer that the hybrid
scheme for Ne-like sulfur that requires picosecond pump
laser pulses with energies of 100–150 mJ could work with
an increased repetition rate, as such a rate is easily ac-
cessible at this low energy level. These energy require-
ments could be increased on the way toward producing
shorter wavelengths, as the elements with higher atomic
number Z (titanium, for example) will have to be included
and the heating rate (collisional energy transfer) depends
Fig. 4. Movement of the ablated plasma mass elements within
the radius–time (r –t) coordinates.on Z* (the average ionization stage). The curves pre-
sented in Fig. 5(a) were calculated for a sulfur capillary
with the assumption of a 100% Ne-like sulfur content (av-
erage ionization stage, Z* 5 6) in the plasma and differ-
ent pump pulse intensities. The benefit of higher inten-
sities’ being applied is uniform heating of the plasma in
the axial direction. In fact, the average initial ionization
stage is lower than that assumed in the simulations, as
the real preformed plasma consists of a mixture of differ-
ent ionization stages. The axial electron energy distribu-
tion in such a case (arbitrarily chosen 50% S V, 30% S VI,
and 20% S VII are assumed to be present in the preformed
plasma and give an effective Z* 5 4.7) and for the con-
stant ionization stage of Z* 5 5.5 is shown in Fig. 5(b).
Different final ionization stages and electron energies are
obtained, depending on the pump intensity applied. A
high intensity, above or close to the intensity for the ap-
pearance of S VII, gives a relatively uniform axial distri-
bution of the electron energy, even if the expected maxi-
mum ionization stage has not been achieved. In
contrast, a relatively high initial ionization stage but with
a low laser intensity irradiation gives a highly nonuni-
form distribution. The influence of the above-threshold-
ionization (ATI) process on the total electron energy is
negligible (1%) due to very low ionization residual energy.
From the results presented here it can be concluded that
for the sulfur capillaries an intensity higher than
1016 W/cm2 is required. Then, even an initial ionization
stage as low as Z* 5 4.7 could produce nearly 100% Ne-
like sulfur ions over the whole length of the active me-
dium.
Experiments in which subpicosecond laser pulses of
high intensity were used to pump collisional XRLs have
Fig. 5. (a) Axial distribution of electron energy as a function of
the pump intensity. The laser pulse is characterized by its in-
tensity: Z* 5 6 is the initial and final ionization stage; i.e., no
ionization has been included. The pulse length is 1 ps. (b)
Axial distribution of the electron energy for a mixture of ion spe-
cies. Initial ionization stage Z* was 4.7, and the quoted values
correspond to the final ionization stages. The curve denoted
Z* 5 5.5 corresponds to the constant ionization stage during
heating.
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eficial for efficiency of the scheme, even if some experi-
ments were successful in demonstrating lasing with such
pulses. The main problem in a reliable comparison is in
achieving unambiguous characteristics of the pump laser
pulse. Use of the FWHM as a characteristic parameter
of laser-pulse duration, as commonly occurs, is not suffi-
cient to describe the interaction process correctly, as the
FWHM does not characterize both the lengths of the two
edges and the total pulse length. This problem was dis-
cussed in Ref. 22 from the point of view of the ATI. Here
we turn our attention to the importance of more-
comprehensive pump pulse characterization in the IB ab-
sorption process. Gaussian laser pulses with the same
peak intensity, 1016 W/cm2, and FWHM, 250 fs, but dif-
ferent lengths of the leading edges were used in the nu-
merical simulation. The total pulse length was equal to
twice the rise time. The final electron temperature of the
heated medium and the final ionization stage were the
measures of interaction efficiency. The result is shown in
Fig. 6. There is a dramatic difference in the behavior of
the plasma irradiated with these laser pulses. The
pulses with the shortest total length give the lowest elec-
tron temperature and ionization stage. Plasma heating
increases with pulse length, but the low pulse energy that
results from the subpicosecond pulse length is quickly re-
duced by the strong IB absorption, and even the longest
pulse tested was not able to ionize and heat the medium
uniformly.
3. SUMMARY
In conclusion, we have analyzed some aspects of using
capillary discharge as the source of a preformed plasma
for collisionally pumped x-ray lasers in a longitudinal ar-
rangement. A picosecond laser pulse of moderate or low
energy irradiated the discharge plasma, and the beam
transmitted through the capillary channel during the dis-
charge was monitored. The plasma channel transmis-
sion decreased quickly during 80–90 ns after the current
peak. Even if it is technologically difficult, the system
that we have discussed showed a noticeable increase in
pumping efficiency. A significant part of the beam at-
tenuation is caused by the strong IB absorption at mod-
Fig. 6. Axial distribution of electron energy as a function of
propagation length. All three pump Gaussian pulses are char-
acterized by the same FWHM 5 250 fs and different rise times:
250 fs (dotted curve), 350 fs (dashed curve), and 500 fs (solid
curve). The dotted–dashed curve shows axial energy depletion
of the pump laser pulse.erate (;1015 W/cm2) intensities. An intensity increase
above the threshold (appearance) intensity of Ne-like ions
could give relatively uniform heating in the axial direc-
tion. The intensity increase should rather be achieved by
tighter pump beam focusing. As a consequence, the
pump energies could be reduced to a level that would per-
mit an increased repetition rate (a few hundred milli-
joules) to be used. The temporal history of the discharge
resistance served to validate the model used in the nu-
merical simulations. The behavior of the discharge was
in reasonable agreement with the numerical model, at
least before and during lasing. The cross section of the
visible emission streak demonstrated a concave radial
density profile with its minimum on the capillary axis.
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